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(54) Low-alioy lieat-resistant steel, process tor producing the same, and turbine rotor 

(57) In the field of CrMoV heat-resistant alloys for 
use in turbine rotors, in order to provide a low-alloy steel 
which has a toughness at the same level as conven- 
tional materials and has excellent high-temperature 
strength properties, particularly inhibition of creep 
embrittiement, and in order to provide a process for pro- 
ducing such a low-alloy steel and a turbine rotor in 
which such a low-alloy steel is used, trace impurities of 
phosphorus, sulfur, copper, aluminum, arsenic, tin, and 
antimony in a CrMoV heat-resistant alloy are reduced to 
specific levels or lower. In addition, trace impurities such 
as cobalt, niobium, tantalum, nitrogen, and boron are 
added to increase the creep strength according to a test 
using an unnotched test piece. In addition, according to 
the production process, quenching is can-ied out after 
heating to 1 000°C or higher so as to inhibit precipitation 
of pro-eutectoid ferrite phase. 
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Description 

BACKGROUND OF THE INVENTION 

5 1 . FIELD OF THE INVENTION 

[0001] The present invention relates to low-alloy heat-resistant steels which show excellent performance as heat- 
resistant structural members, particularly as turbine rotor members, and relates to processes for producing the low- 
alloy heat-resistant steels. The present invention also relates to turbine rotors in which the low-alloy heat-resistant 
10 steels are used. 

2. DESCRIPTION OF RELATED ART 

[0002] Conventionally, as heat-resistant steels for high-temperature turbine rotor members for use in steam turbine 

15 plants for themnal electric power generation, CrMoV steels, which belong to low alloys, and 12Cr steels, which belong 
to high-Cr steels, have been exclusively used (see Japanese Patent Applications, First Publications (Kokai), Nos. Sho 
60-165359 and Sho 62-103345). Of these, the use of CrMoV steel is restricted to plants having a steam temperature 
up to 566°C because of its limited high-temperature strength. Moreover, cooling of the rotor may be required depending 
on the steam temperature, which is disadvantageous in that it complicates the plant in order to improve the creep prop- 

20 erties at high temperatures, use of an ingot obtained by an electroslag remelting method has been proposed (see Jap- 
anese Patent Application, First Publication, No. Sho 60-70125). On the other hand, 12Cr steels are superior to CrMoV 
steels in the high-temperature strength and can hence be used in plants having a steam temperature up to eoO'^C. How- 
ever, 12Cr steels are disadvantageous in that the production of the material is difficult and costly. 
[0003] However, in recent years, further improvement in the energy efficiency has been desired, and if it is Intended 

25 to raise the operational temperature of a steam turbine, a steel of a conventional type is insufficient in mechanical prop- 
erties at high temperatures, particularly in terms of creep strength. Accordingly, need for developing a material which is 
durable in use at higher steam temperatures has been growing. Conventionally, a CrMoV steel is used after quenching 
the CrMoV steel heated to a temperature of about 950'*C. A higher heating temperature before quenching results in a 
higher strength of the material because precipitation of a pro-eutectoid ferrite phase, which is soft, is inhibited, and dis- 

30 solution of the strengthening elements in a solid solution is promoted. However, another problem arises in that a higher 
heating temperature before quenching causes creep embrittlement of the material. Therefore, the heating temperature 
before quenching cannot be raised. Although attempts have been made in which elements such as cobalt, niobium, and 
tantalum, were additionally used in order to inhibit the precipitation of the pro-eutectoid ferrite phase, a satisfactory 
material has not yet been obtained. 

35 

BRIEF SUMMARY OF THE INVENTION 

[0004] Accordingly, the preferred aim of the present invention is to provide a heat-resistant steel which can be 
quenched after heating to a higher temperature, has a toughness equivalent to or higher than that of a conventional 
40 CrMoV steel, and has excellent creep properties such as a high creep rupture property, according to a creep test on an 
unnotched test piece, and inhibition of creep embrittlement. Another preferred aim of the present invention is to provide 
a turbine rotor comprising this novel heat-resistant steel. 

[0005] The present inventors have diligently earned out research, and found that impurities greatly affect the prop- 
erties of a steel at high temperatures, particularly the creep embrittlement resistance. As a result, the present inventors 

45 found that a low-alloy heat-resistant steel and a turbine rotor whbh can be quenched after heating to a high temperature 
of at least 1000**C, having a high toughness as explained below, and having excellent properties at high temperatures 
such as not being subject to creep embrittlement, can be obtained not only by mixing alloy components with predeter- 
mined proportions, but also by minimizing the amount of trace impurity elements which are harmful, such as phospho- 
rus, sulfur, copper, aluminum, arsenic, tin, and antimony. The present inventors have thus achieved the present 

50 invention. 

[0006] Rrst, of the high-temperature properties, the creep rupture strength of a notched test piece will be 
described. When a stress is applied to a steel product at a high temperature, even if the stress is comparatively small, 
the steel product plastically deforms very gradually to become elongated, and finally the elongation proceeds rapidly 
narrowing a part of the steel product, which results in rupture in the steel product This phenomenon is called "creep" 
55 or "creep rupture phenomenon". This phenomenon is believed to occur due to viscous flow at crystal grain boundaries 
and dislocation within crystals. In a high-temperature creep test, a constant static load is applied to a material for a long 
time at a high temperature, and the time elapsed before rupture is measured. As a test piece, a round bar having a con- 
stant cross section is used. The measuring method is defined by JIS Z-2271 and JIS Z-2272. The measuring methods 
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defined by the JIS standards are for creep tests on unnotched test pieces, and test pieces which are finished by 
smoothly shaving between gauge marks in the portion to be measured are used in these methods. 
[0007] In contrast, in a creep test on a notched test piece, a test piece having a notch between gauge marks Is 
used. The cross section of the portion to be stretched and subject to measurement is set to be the same as the cross 

5 section of the part subject to the measurement in a creep test on an unnotched test piece, and the stress is determined. 
In a creep test on an unnotched test piece, a tensile stress which is applied gradually elongates the distance between 
gauge marks, and narrows the portion between the gauge marks, which finally will rupture. In contrast, if a notch is 
formed in a test piece, a stress which counteracts deformation of the notched portion is produced such that the stress 
sun-ounds the notched portion (this stress is a so-called "multiaxial stress"), and the test piece finally ruptures without 

10 being elongated. In general, with a highly ductile material, the lapse of time before rupture tends to be long because 
deformation is restricted by the notch. However, depending on the type of steel, embrittlement of some materials grad- 
ually proceeds during creep tests, and creep rupture may occur in such a material without deformation (by occurrence 
of voids or by formation of cracks from connected voids). In this case, a notched test piece ruptures in a shorter time 
than an unnotched test piece due to the concentrated stress. Such a phenomenon is called "notch softening", which 

15 can be used as an index for expressing creep embrittlement. That is to say, by conducting creep rupture tests on an 
unnotched test piece and a notched test piece under the same conditions such as stress and temperature, and com- 
paring the times elapsed before creep rupture, the level of creep embrittlement can be clearly demonstrated. 
[0008] Since a turbine rotor is subjected to high temperatures for a long time under a stress during its operation, 
deterioration in the strength of the material with age is of concern. The quality of turbine rotor members has been hith- 

20 erto evaluated only by high -temperature creep tests on unnotched test pieces, as defined by the Japanese Industrial 
Standards or the like. However, the present inventors have found a method of evaluating high-temperature strength 
properties of the material, particulariy the creep embrittlement resistance. In a high-temperature creep test on a 
notched test piece. In addition, the present inventors have found that trace impurities which are hannful greatly affect 
creep embrittlement As a result, the present inventors succeeded in developing a material which can be quenched 

25 after heating to a high temperature of lOOO^C or higher, which is inhibited from producing precipitation of a pro-eutec- 
told ferrite phase, and which is not subject to creep embrittlement. by minimizing the amount of trace impurity elements 
which are hannful, such as phosphorus, sulfur, copper, aluminum, arsenic, tin, and antimony. 

[0009] That is to say, an alloy according to the first aspect of the present invention is a low-alloy heat-resistant steel 
comprising: 

30 

carbon in an amount of 0.20 to 0.35% by weight, 
silicon in an amount of 0.005 to 0.35% by weight, 
manganese in an amount of 0.05 to 1 .0% by weight, 
nickel in an amount of 0.05 to 0.3% by weight, 
35 chromium in an amount of 0.8 to 2.5% by weight, 

molybdenum in an amount of 0.1 to 1 .5% by weight, 
tungsten in an amount of 0.1 to 2.5% by weight, 
vanadium in an amount of 0.05 to 0.3% by weight, 

phosphorus in an amount not larger than 0.012% by weight or substantially no phosphorus. 
40 sulfur in an amount not larger than 0.005% by weight or substantially no sulfur. 

copper in an amount not larger than 0.1 0% by weight or substantially no copper, 

aluminum in an amount not larger than 0.01% by weight or substantially no aluminum, 

arsenic in an amount not larger than 0.01% by weight or substantially no arsenic, 

tin in an amount not larger than 0.01% by weight or substantially no tin, and 
45 antimony in an amount not larger than 0.003% by weight or substantially no antimony, 

the balance being iron and unavoidable impurities. 

[0010] Tungsten is added to a conventional CrMoV steel with the intention of improving the creep properties. Fur- 
thennore, by limrting the permissible amounts of phosphorus, sulfur, copper, aluminum, arsenic, tin, and antimony 
50 impurities, which are harmful in causing creep embrittlement, to low levels, the creep embrittlement resistance is par- 
ticularly improved. 

[0011] An alloy according to the second aspect of the present invention is a low-alloy heat-resistant steel compris- 
ing: 

55 carbon in an amount of 0.20 to 0.35% by weight, 
silicon in an amount of 0.005 to 0.35% by weight, 
manganese in an anrrount of 0.05 to 1 .0% by weight, 
nickel In an amount of 0.05 to 0.3% by weight. 
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chromium in an amount of 0.8 to 2.6% by weight 

molybdenum in an amount of 0.1 to 1.5% by weight, 

tungsten in an amount of 0.1 to 2.5% by weight, 

vanadium in an amount of 0.05 to 0.3% by weight, 
5 cobalt in an amount of 0.1 to 3.5% by weight, 

phosphorus in an amount not larger than 0.012% by weight or substantially no phosphorus, 

sulfur In an amount not larger than 0.005% by weight or substantially no sulfur, 

copper in an amount not larger than 0. 1 0% by weight or substantially no copper. 

aluminum in an amount not larger than 0.01% by weight or substantially no aluminum, 
10 arsenic in an amount not larger than 0.01% by weight or substantially no arsenic. 

tin in an amount not larger than 0.01% by weight or substantially no tin, and 

antimony in an amount not larger than 0.003% by weight or substantially no antimony. 

the balance being iron and unavoidable impurities. 

15 [0012] In the second aspect of the invention, cobalt is further added to the alloy of the first aspect of the invention 
with the intention of improving the toughness of the alloy. Furthermore, like the alloy of the first aspect, by limiting the 
permissible amounts of phosphorus, sulfur, copper, aluminum, arsenic, tin, and antimony impurities, which are harmful 
in causing creep embrittlement, to low levels, the creep embrittlement resistance is particularly improved. 
[001 3] An alloy according to the third aspect of the present invention is a low-alloy heat-resistant steel comprising: 

20 

carbon in an amount of 0.20 to 0.35% by weight, 
silicon in an amount of 0.005 to 0.35% by weight, 
manganese in an amount of 0.05 to 1 .0% by weight, 
nickel in an amount of 0.05 to 0.3% by weight, 
25 chromium In an amount of 0.8 to 2.5% by weight, 

molybdenum in an amount of 0.1 to 1.5% by weight, 
tungsten in an amount of 0.1 to 2.5% by weight, 
vanadium in an amount of 0.05 to 0.3% by weight, 

at least one of niobium in an amount of 0.01 to 0.15% by weight, tantalum in an amount of 0.01 to 0.15% by weight, 
30 nitrogen in an amount of 0.001 to 0.05% by weight, and boron in an amount of 0.001 to 0.015% by weight, 

phosphorus in an amount not larger than 0.012% by weight or substantially no phosphorus, 

sulfur in an amount not larger than 0.005% by weight or substantially no sulfur, 

copper in an amount not larger than 0.1 0% by weight or substantially no copper, 

aluminum in an amount not larger than 0.01% by weight or substantially no aluminum, 
35 arsenic in an amount not larger than 0.01% by weight or substantially no arsenic, 

tin in an amount not larger than 0.01 % by weight or substantially no tin, and 

antimony in an amount not larger than 0.003% by weight or substantially no antimony, 

the balance being iron and unavoidable Impurities. 

4o [0014] In the third aspect of the invention, a trace amount of at least one type of element selected from niobium, 
tantalum, nitrogen, and boron is further added to the alloy of the first aspect of the invention with the intention of further 
improving particularly the creep properties of an unnotched test piece. Furthermore, like the alloy of the first aspect, by 
limiting the permissible amounts of phosphorus, sulfur, copper, aluminum, arsenic, tin, and antimony impurities, whteh 
are harmful In causing creep embrittlement, to low levels, the creep embrittlement resistance is partbulariy improved. 

45 [001 5] An alloy according to the fourth aspect of the present invention is a low-alloy heat-resistant steel comprising: 

caibon in an amount of 0.20 to 0.35% by weight, 

silicon in an amount of 0.005 to 0.35% by weight, 

manganese in an amourrt of 0.05 to 1 .0% by weight, 
so nickel in an amount of 0.05 to 0.3% by weight, 

chromium in an amount of 0.8 to 2.5% by weight, 

molybdenum in an amount of 0.1 to 1.5% by weight, 

tungsten in an amount of 0.1 to 2.5% by weight, 

vanadium In an amount of 0.05 to 0.3% by weight, 
55 cobalt in an amount of 0.1 to 3.5% by weight, 

at least one of niobium in an amount of 0.01 to 0.15% by weight, tantalum in an amount of 0.01 to 0.15% by weight, 

nitrogen in an amount of 0.001 to 0.05% by weight, and boron in an amount of 0.001 to 0.015% by weight, 

phosphorus in an amount not larger than 0.012% by weight or substantially no phosphorus, 
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sulfur in an amount not larger than 0.005% by weight or substantially no sulfur, 
copper in an amount not larger than 0.10% by weight or substantially no copper, 
aluminum in an amount not larger than 0.01 % by weight or substantially no aluminum, 
arsenic in an amount not larger than 0.01% by weight or substantially no arsenic, 
5 tin in an amount not larger than 0.01 % by weight or substantially no tin, and 

antimony in an amount not larger than 0.003% by weight or substantially no antimony, 
the balance being iron and unavoidable impurities. 

[0016] In the fourth aspect, cobalt and a trace amount of at least one type of element selected from niobium, tan- 
10 talum, nitrogen, and boron are further added to the alloy of the first aspect of the invention with the intention of improv- 
ing the toughness as well as further improving particularly the creep properties of an unnotched test piece. 
Furthermore, as in the case of alloy of the first aspect, the creep embrittlement resistance is intended to be improved. 
[0017] An alloy according to the fifth aspect of the present invention is a low-alloy heat-resistant steel comprising: 

15 carbon in an amount of 0.20 to 0.40% by weight, 

silicon in an amount of 0.005 to 0.40% by weight, 

manganese in an amount of 0.05 to 1 .0% by weight, 

nickel in an amount of 0.05 to 0.6% by weight, 

chromium in an amount of 0.8 to 1 .5% by weight, 
20 molybdenum in an amount of 0.5 to 1 .5% by weight, 

vanadium in an amount of 0.1 to 0.3% by weight, 

phosphorus in an amount not larger than 0.012% by weight or substantially no phosphorus, 
sulfur in an amount not larger than 0.005% by weight or substantially no sulfur, 
copper in an amount not larger than 0.10% by weight or substantially no copper, 
25 aluminum in an amount not larger than 0.01% by weight or substantially no aluminum, 
arsenic in an amount not larger than 0.01% by weight or substantially no arsenic, 
tin in an amount not larger than 0.01 % by weight or substantially no tin, and 
antimony in an amount not larger than 0.003% by weight or substantially no antimony, 
the balance being iron and unavoidable impurities. 

30 

[0018] The creep embrittlement resistance of this alloy is improved by limiting the permissible amounts of phospho- 
rus, sulfur, copper, aluminum, arsenic, tin, and antimony impurities, which are harmful in causing creep embrittlement, 
to low levels compared to conventional CrMoV steels. 

[0019] An alloy according to the sixth aspect of the present invention is a low-alloy heat-resistant steel comprising: 

35 

carbon in an amount of 0.20 to 0.40% by weight, 
silicon in an amount of 0.005 to 0.40% by weight, 
manganese in an amount of 0.05 to 1 .0% by weight, 
nickel in an amount of 0.05 to 0.6% by weight, 
40 chromium in an amount of 0.8 to 1 .5% by weight, 

molybdenum in an amount of 0.5 to 1 .5% by weight, 
vanadium in an amount of 0.1 to 0.3% by weight, 
cobalt in an amount of 0.1 to 3.5% by weight, 

phosphorus in an amount not larger than 0.012% by weight or substantially no phosphorus, 
45 sulfur in an amount not larger than 0.005% by weight or substantially no sulfur, 

copper in an amount not larger than 0.10% by weight or substantially no copper, 

aluminum in an amount not larger than 0.01% by weight or substantially no aluminum, 

arsenic in an amount not larger than 0.01% by weight or substantially no arsenic, 

tin in an amount not larger than 0.01% by weight or substantially no tin, and 
50 antimony in an amount not larger than 0,003% by weight or substantially no antimony, 

the balance being iron and unavoidable impurities. 

[0020] In the sixth aspect of the Invention, cobalt is added to the alloy of the fifth aspect of the invention so as to 
improve the toughness of the alloy. Furthermore, as in the alloy of the fifth aspect, the creep embrittlement resistance 
55 is improved. 

[0021] An alloy according to the seventh aspect of the present Invention is a low-alloy heat-resistant steel compris- 
ing: 
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caibon in an amount of 0.20 to 0.40% by weight, 
silicon in an amount of 0.005 to 0.40% by weight, 
manganese in an amount of 0.05 to 1 .0% by weight, 
nickel in an amount of 0.05 to 0.6% by weight, 
5 chromium in an amount of 0.8 to 1 .5% by weight. 

molybdenum in an amount of 0.5 to 1 .5% by weight, 
vanadium in an amount of 0.1 to 0.3% by weight, 

at least one of niobium in an amount of 0.01 to 0.15% by weight, tantalum in an amount of 0,01 to 0.15% by weight, 

nitrogen in an amount of 0.001 to 0.05% by weight, and boron in an amount of 0.001 to 0.015% by weight, 
10 phosphorus in an amount not larger than 0.012% by weight or substantially no phosphorus, 

sulfur in an amount not larger than 0.005% by weight or substantially no sulfur, 

copper in an amount not larger than 0.10% by weight or substantially no copper, 

aluminum in an amount not larger than 0.01% by weight or substantially no aluminum, 

arsenic in an amount not larger than 0.01% by weight or substantially no arsenic, 
15 tin in an amount not larger than 0.01% by weight or substantially no tin, and 

antimony in an amount not larger than 0.003% by weight or substantially no antimony, 

the balance being iron and unavoidable Impurities. 

[0022] In the seventh aspect of the invention, a trace amount of at least one type of element selected from niobium, 
20 tantalum, nitrogen, and boron is further added to the alloy of the fifth aspect of the invention with the intention of further 
improving the creep properties of an un notched test piece. Furthermore, as in the case of the alloy of the fifth aspect, 
the creep embrittlement resistance is improved. 

[0023] An alloy according to an eighth aspect of the present Invention is a low-alloy heat-resistant steel comprising: 

25 carbon In an amount of 0.20 to 0.40% by weight, 

silicon in an amount of 0.005 to 0.40% by weight, 

manganese in an amount of 0.05 to 1 .0% by weight, 

nickel in an amount of 0.05 to 0.6% by weight, 

chromium in an amount of 0.8 to 1 .5% by weight, 
30 molybdenum in an amount of 0.5 to 1 .5% by weight, 

vanadium in an amount of 0.1 to 0.3% by weight, 

cobalt in an amount of 0.1 to 3.5% by weight, 

at least one of niobium in an amount of 0.01 to 0.15% by weight, tantalum in an amount of 0.01 to 0.15% by weight, 

nitrogen in an amount of 0.001 to 0.05% by weight, and boron in an amount of 0.001 to 0.015% by weight, 
35 phosphorus in an amount not larger than 0.012% by weight or substantially no phosphorus, 

sulfur in an amount not larger than 0.005% by weight or substantially no sulfur, 

copper in an amount not larger than 0.1 0% by weight or substantially no copper, 

aluminum in an amount not larger than 0.01% by weight or substantially no aluminum, 

arsenic in an amount not larger than 0.01% by weight or substantially no arsenk:, 
40 tin in an amount not larger than 0.01% by weight or substantially no tin. and 

antimony in an amount not larger than 0.003% by weight or substantially no antimony, 

the balance being iron and unavoidable impurities. 

[0024] ' In this alloy, cobalt and a trace amount of at least one type of element selected from niobium, tantalum, nitro- 
45 gen, and boron are added to the alloy of the fifUi aspect of the invention so as to improve toughness as well as to further 
improve the creep properties of an unnotched test piece. Furthermore, as in the case of the alloy of the fifth aspect, the 
creep embrittlement resistance is improved. 

[0025] An alk>y according to the ninth aspect of the present invention is a low-alloy heat-resistant steel according to 
any one of the alloys of the first to eighth aspects, wherein the amount of pro-eutectoid ferrite phase is not larger than 
50 10% by volume. 

[0026] By controlling the amount of pro-eutectoid ferrite phase, which is soft, at a low level, the strength of the mate- 
rial is ensured, and the toughness, the creep rupture strength, and the creep embrittlement resistance are improved. 
[0027] The tenth aspect of the present Invention is a process for producing a low-alloy heat-resistant steel, the proc- 
ess comprising the step of: 

55 

forging and molding an ingot having a specific composition, 
quenching the ingot after it is heated to 1000°C or higher, and 
tempering the ingot at a temperature of 600 to 750*^C. 
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[0028] By heating the ingot to 1000**C or higher, the amount of pro-eutectoid ferrrte phase can be restricted, and 
the properties at high temperatures are improved due to thorough dissolution of reinforcing elements in the alloy matrix. 
[0029] The eleventh aspect of the present invention is a turbine rotor comprising a low-alloy heat-resistant steel as 
in any one of the first to ninth aspects. In particular, this turbine rotor is superior to a conventional turbine in creep 

5 embrittlement resistance, and is durable in use at high temperatures. 

[0030] The low-alloy heat-resistant steel according to the present invention can be easily manufactured, has a yield 
strength and toughness which are equivalent to or greater than those of a conventional CrMoV steel, and has excellent 
high-temperature properties. In particular, since it is possible to quench the steel after it is heated to 1 000**C or higher, 
and precipitation of pro-eutectoid ferrite phase is inhibited, creep embrittlement does not occur, and therefore this steel 

10 can be used at a high temperature and is very useful because it allows construction of power plants of high energy effi- 
ciency. 

DETAILED DESCRIPTION OF THE INVENTION 

IS [0031] In the following, the reason for limiting the amount of each component in the alloy of the first aspect of the 
invention is described. The amounts of the components are expressed hereinafter on the basis of weight percentages, 
unless otherwise specified. 

[0032] Carbon (C) : Carbon has the effect of Increasing the material strength as well as ensuring the hardenability 
during the heat treatment. In addition, carbon forms a carbide and contribute to improvement of the creep rupture 

20 strength at high temperatures. In the alloys according to the present invention, the lower limit of the carbon content is 
0.20% since a carbon content of less than 0.02% does not impart sufficient material strength to the alloy. On the other 
hand, an excessive carbon content deteriorates the toughness, and while the alloy is being used at a high temperature, 
carbon nitride aggregates to form coarse grains, which cause degradation in the creep rupture strength and creep 
embrittlement. Accordingly, the upper limit of the carbon content is 0.35%. A particularly preferred range within which 

25 both material strength and the toughness are imparted to the alloy is from 0.25 to 0.30%. 

[0033] Silicon (Si): Si is an element which is effective as a deoxidlzer but embrittles the alloy matrix. When a deox- 
idizing effect is desired, an Si content of up to 0.35% is permissible. However, in the manufacture of the material accord- 
ing to the present invention, there are some cases in which the deoxidizing effect of silicon is not strongly desired, 
depending on the manufacturing method. In such a case, the silicon content can be minimized. However, since extreme 

30 reduction of silicon requires a careful selection of materials, and therefore bring about a higher cost, the lower limit of 
the silicon content is 0.005%. Accordingly, the range of the silicon content is from 0.005 to 0.35%. A preferable range 
is from 0.01 to 0.30%. 

[0034] Manganese (Mn): Manganese functions as a deoxidizer as well as having the effect of preventing hot cracks 
during forging. In addition, manganese has the effect of enhancing the hardenability during heat treatment. However, 

35 since too large a manganese content deteriorates the creep rupture strength, the upper limit of the manganese content 
is 1.0%. However, since limiting the manganese content to less than 0.05% requires careful selection of materials and 
excessive refining steps, and therefore brings about a higher cost, the lower limit of the manganese content Is 0.05%. 
Accordingly, the range of the manganese content is from 0.05 to 1.0%, preferably from 0.1 to 0.8%. 
[0035] Nickel (Ni): Nickel particularly has the effect of enhancing the toughness as well as enhancing the hardena- 

40 bility during the heat treatment and improving the tensile strength and the yield strength. If the nickel content is less than 
0.05%, these effects are not discernible. On the other hand, a large amount of nickel added reduces the long-term 
creep rupture strength. For the alloy of the present invention, improvement of the hardenability, the toughness, and the 
like by the addition of nickel is not strongly counted on, but instead in order to eliminate the hannful effect of nickel on 
the long-term creep rupture strength, the upper limit of the nickel content is 0.3%. Taking account of the balance 

45 between this harmful effect and the effect of enhancing the toughness, the range of the nickel content is from 0.06 to 
0.3%, preferably from 0.08 to 0.20%. 

[0036] Chromium (Cr): Chromium enhances the hardenability of the alloy during the heat treatment as well as con- 
tributing to improvement of the creep rupture strength by forming a carbide and/or a carbonitride, and improving the 
antioxidation effect by dissolving in the matrix of the alloy. In addition, chromium has the effect of strengthening the 

50 matrix itself and improving the creep rupture strength. A chromium content of less than 0.8% does not provide a suffi- 
cient effect, and a chromium content exceeding 2.5% has the adverse effect of reducing the creep rupture strength. 
Accordingly, the range of the chromium content is from 0.8 to 2.5%, preferably from 1 .0 to 1 .5%. 
[0037] Molybdenum (Mo): Molybdenum enhances the hardenability of the alloy during the heat treatment as well 
as improving the creep rupture strength by dissolving in the matrix of the alloy or in a carbide and/or a carbonitride. If 

55 the molybdenum content is less than 0.1%, these effects are not sufficiently discernible. Addition of molybdenum 
exceeding 2.0% has the adverse effect of deteriorating the toughness and brings about a higher cost. Accordingly, the 
molybdenum content is from 0. 1 to 1 .5%, preferably 0.5 to 1 .5%. 

[0036] Vanadium (V): Vanadium enhances the hardenability of the alloy during the heat treatment as well as 
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improving the creep rupture strength by forming a carbide and/or a carbonitride. A vanadium content of less than 0.05% 
does not provide a sufficient effect. In addition, a vanadium content exceeding 0.3% has the opposite effect of deterio- 
rating the creep rupture strength. Accordingly, the vanadium content is from 0.05 to 0.3%. preferably from 0.15 to 
0.25%. 

5 [0039] Tungsten (W): Tungsten dissolves in the matrix of the alloy or a carbide to improve the creep rupture 
strength. If the tungsten content is less than 0.1%. the above effect is not sufficient If the tungsten content exceeds 
2.5%, there is a possibility of segregation in the alloy, and a femte phase tends to emerge, which deteriorates the 
strength. Accordingly, the tungsten content is from 0.1 to 2.5%, preferably 1 .0 to 2.4%. 

[0040] Next, an explanation with regard to phosphorus, sulfur, copper, aluminum, arsenic, tin, and antimony, which 

10 are harmful impurities, will be given. It goes without saying that the less of these impurities are present, the better for 
the mechanical properties of the steel product. However, elements for which permissible amounts contained as impuri- 
ties in a steel product are standardized are only phosphorus and sulfur, which are inevitably transfenred from the mate- 
rials used for steel production. Since phosphorus and sulfur embrittle the steel product, pemnissible amounts of 
phosphorus and sulfur are established for most types of steel products, which are at considerably high levels in view of 

15 difficulty of the refining processes. As a result of diligent research aimed at improvement of the high-temperature prop- 
erties of a CrMoV steel for turbine rotors, particularly improvement of the creep rupture strength of a notched test piece, 
the present inventors have found that trace impurities greatly affect the creep rupture strength of a notched test piece. 
As such impurities, not only phosphorus and sulfur, but also copper, aluminum, arsenic, tin, antimony, and the like were 
also found to have harmful effects. The present inventors have studied these impurities in detail, and decided to spec'rf- 

20 ically quantify the permissible amounts in an effort to achieve a rupture time of 10,000 hours or longer in a creep test 
on a notched test piece under the conditions of a temperature of 600^C and a stress of 15 kgf/mm^. 
[0041] Phosphorus (P), Sulfur (S): Both phosphorus and sulfur are impurities transferred from materials for steel 
production, and are harmful impurities which noticeably deteriorate the toughness of the steel product by forming a 
phosphide or a sulfide therein. In the research conducted by the Inventors, it was found that phosphorus and sulfur also 

25 adversely affect the high-temperature properties. Phosphorus tends to be segregated, and secondarily causes segre- 
gation of carbon which embrittles the steel product. It was also found that phosphorus greatly affects the embrtttlement 
when a high load is applied at a high temperature over a long time. Since extreme reduction of phosphorus and sulfur 
is a large burden on the steel production process, the upper limits of phosphorus and sulfur were sought such that the 
rupture time in a creep test on a notched test piece is 10,000 hours or longer. As a result, it has been determined that 

30 the upper nmit of phosphorus is 0.01 2%, and the upper limit of sulfur is 0.005%. More preferably, phosphorus is 0.01 0% 
or less, and sulfur is 0.002% or less. 

[0042] Copper (Cu): Copper is diffused along crystal grain boundaries in the steel product, and embrittles the steel 
product. Copper particularly degrades high-temperature properties. In view of the results of creep tests on notched test 
pieces, it has been determined that the upper limit of the copper content is 0.1 0%. More preferably, the copper content 
35 is 0.04% or less. 

[0043] Aluminum (Al): Aluminum is brought into steel mainly from deoxidizers during the steel production process, 
and forms an oxide-type inclusion in the steel product, which embrittles it. In view of the results of creep tests on 
notched test pieces, it has been determined that the upper limit of the aluminum content is 0.01%. More preferably, the 
copper content is 0.005% or less. 

40 [0044] Arsenic (As), Tin (Sn), Antimony (Sb): It is often the case that arsenic, tin, and antimony are brought into the 
steel from materials for steel production. They are precipitated along crystal grain boundaries, which deteriorates the 
toughness of the steel product- Arsenic, tin, and antimony are aggregated in crystal grain boundaries particularly at high 
temperatures, and accelerate the embrittlement In view of the results of creep tests on notched test pieces, the upper 
limits of these impurities are 0.01% for arsenic, 0.01% for tin, and 0.003% for antimony. More preferably, the arsenic 

45 content is 0.007% or less, the tin content is 0.007% or less, and the antimony content is 0.0022% or less. 

[0045] Next, the reason for limiting the amount of each component in the alloy of the second aspect of the invention 
is described. Since the reasons for limiting the amounts of the components and the impurities which have been 
explained for the alloy of the first aspect are the same for the alloy of the second aspect, the reason for limiting the 
amount of cobalt is explained here. 

50 [0046] Cobalt (Co): Cobalt dissolves in the matrix of the alloy, and strengthens the matrix itself as well as inhibiting 
the precipitation of the fen-ite phase. In addition, cobalt has an effect of improving the toughness, and thus is effective 
in keeping the balance between the hardness and the toughness. If the amount of cobalt added is less than 0.1%, the 
above effects are not discemlble. If the amount of cobalt added exceeds 3.5%, precipitation of carbides is accelerated, 
which leads to deterioration of the creep properties. Accordingly, a permissible range of the cobalt content is from 0.1% 

55 to 3.5%, and more preferably from 0,5% to 2.5%. 

[0047] Next, the reason for limiting the amount of each component in the alloys of the third and fourth aspects of 
the invention is described. Since the reasons for limiting the amounts of the components and the impurities which have 
been explained for the alloys of the first and second aspects are the same for the alloys of the third and fourth aspects, 
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the reasons for limiting the amount of niobium, tantalum, nitrogen, and boron are explained here. 
[0048] Niobium (Nb): Niobium enhances the hardenability of the alloy as well as improving the creep rupture 
strength by forming a carbide and/or a carbonitride. In addition, niobium restricts the growth of crystal grains during 
heating at high temperatures, and contributes to homogenization of the alloy structure. If the amount of niobium added 
5 is less than 0.01%. the effects are not discernible. An amount of niobium added exceeding 0.15% will bring about 
noticeable deterioration of the toughness as well as causing formation of coarse grains of the carbide or the carbonitride 
of niobium during use of the alloy, which deteriorates long-term creep rupture strength. Accordingly, it has been deter- 
mined that a permissible niobium content is from 0.01% to 0.15%, preferably 0.05 to 0.1%. 

[0049] Tantalum (Ta): Tantalum, in a manner similar to niobium, enhances the hardenability of the alloy as well as 
10 improving the creep rupture strength by forming a carbide and/or a carbonitride. If the amount of tantalum added is less 
than 0.01%, the effects are not discernible. An amount of tantalum added exceeding 0.15% will bring about noticeable 
deterioration of the toughness as well as causing formation of coarse grains of the carbide or the carbonitride of niobium 
during use of the alloy, which deteriorates long-term creep rupture strength. Accordingly, it has been determined that a 
permissible tantalum content is from 0.01% to 0.15%, preferably 0.05 to 0.1%. 
15 [0050] Nitrogen (N): Nitrogen together with carbon is bonded to alloy elements and forms carbonitrides, which con- 
tribute to improvement of the creep rupture strength. If the amount of nitrogen added is less than 0.001 %, nitrides can- 
not be formed, and thus the above effects are not discernible. If the amount of nitrogen added exceeds 0.05%, 
cari3onitrides are aggregated to form coarse grains, and thus a sufficient creep strength cannot be obtained. Accord- 
ingly, it has been determined that a permissible nitrogen content is from 0.001 to 0.05%, preferably 0.005 to 0.01%. 
20 [0051] Boron (B): Boron enhances the hardenabilrty as well as contributing to improvement of the creep rupture 
strength by increasing the grain boundary strength. If the amount of boron added is less than 0.001%, the above effects 
are not discernible. If the amount of boron added exceeds 0.015%, an adverse effect of deteriorating the hardenability 
occurs. Accordingly, it has been determined that the permissible boron content is from 0.001% to 0.015%, preferably 
0.003 to 0.010%. 

25 [0052] Next, the reason for limiting the amount of each component in the alloy of the fifth to eighth aspects of the 
invention is described. The main components of the alloy according to fifth to eighth aspect of the invention correspond 
to main components of a conventional CrMoV steel, and do not include tungsten. The reasons for limiting the amounts 
of the other components are as described above. 

[0053] The alloy according to the fifth aspect of the invention is an alloy in which the contents of impurities in an 
30 alloy corresponding to a conventional CrMoV steel are limited to extremely low levels. It was discovered that by limiting 
the impurity contents to extremely low levels, a material which has a creep strength according to a test on an unnotched 
test piece equivalent to the creep strength of a conventional CrMoV steel and which is not subject to creep embrittle- 
ment can be obtained without having the toughness reduced. Accordingly, tungsten is not added to the alloy of the fifth 
aspect of the invention. 

35 [0054] In addition to preparing the main components as above, trace impurities of phosphorus, sulfur, copper, alu- 
minum, arsenic, tin. and antimony are reduced to specific levels or lower so as to control the high -temperature strength 
properties, particularly creep embrittlement. Specifically, the carbon content is from 0.20 to 0.40%, the silicon content 
is from 0.005 to 0.440%, the manganese content is from 0.05 to 1 .0%, the nickel content is from 0.06 to 0.6%, the chro- 
mium content is from 0.8 to 1 .5%, and the vanadium content is from 0.1 to 0.3%. 

40 [0055] The alloy according to the sixth aspect of the invention is an alloy in which cobalt is added to the alloy com- 
ponents of the fifth aspect of the invention to strengthen the matrix of the alloy and improve the toughness. 
[0056] The alloy according to the seventh aspect of the invention is an alloy in which at least one of the trace ele- 
ments of niobium, tantalum, nitrogen, and boron is added to the alloy components of the fifth aspect of the invention 
with the intention of further improving the creep properties according to tests on an unnotched test piece. 

45 [0057] The alloy according to the eighth aspect of the invention is an alloy in which cobalt and at least one of nio- 
bium, tantalum, nitrogen, and boron are added to the alloy components of the fifth aspect of the invention in order to 
improve the toughness and with the intention of further improving the creep properties according to tests on an 
unnotched test piece. 

[0058] Since the effects and ranges of amounts of cobalt, niobium, tantalum, nitrogen, and boron added are as 
50 described above, description is omitted here. 

[0059] Next, the structure of the low-alloy steel according to the invention as observed by an optical microscope is 
described. 

[0060] The low-alloy steel of the present invention is normally used after it is heated to a high temperature of asC'C 
or higher and quenched, and then tempered at a temperature of 580 to 680**C. In order to increase the high-tempera- 
55 ture creep strength, there is a method in which the temperature of heating before quenching is increased to sufficiently 
dissolve the strengthening elements in the steel as a solid solution. However, a heating temperature of 1 0OO^C or higher 
before quenching a conventional CrMoV steel causes so-called creep embrittlement, by which the material becomes 
brittle. Accordingly, the heating temperature before quenching a conventional CrMoV steel is from 950 to 970^C. On the 
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other hand, if the heating temperature before quenching a system of components in which amounts of strengthening 
elements such as tungsten and molybdenum are increased is within a range of 950 to 970**C, the strength of the mate- 
ria! cannot be ensured since a soft ferrite phase is precipitated in large amounts, and yet the high-temperature creep 
strength does not reach a satisfactory level. However, when the ferrite phase precipitated Is in a small amount and is 

5 finely distributed, and the harmful effects are small. 

[0061] As a result of diligent research in measures to prevent creep embrittlement, the present inventors have 
found that trace impurities of phosphorus, sulfur, copper, aluminum, arsenic, tin, and antimony greatly affect creep 
embrittlement. Since creep embrittlement originates from these trace impurities, it was discovered that by limiting the 
amount of these trace impurities to low levels, creep embrittlement does not occur even if the temperature of heating 

10 before quenching is increased to 1000**C or higher. If the temperature of heating before quenching is increased to 
lOOO^C or higher, the strengthening elements are sufficiently dissolved in the matrix of the alloy, and in addition precip- 
itation of the fen-ite phase Is restricted so that the strength of the material is increased and the creep properties accord- 
ing to tests on an unnotched test piece are further improved. The effects from the reduction of the ferrite phase become 
discernible when the ferrite phase is 1 0% or less in the structure viewed by an optical microscope. When the ferrite 

15 phase of 1 0% or less is finely distributed, there are no large harmful effects. 

[0062] The proportion of the fen-ite phase in the light microscopic structure can be detenmined using an image ana- 
lyzing device which is commonly used. 

[0063] Next, a process for producing a low-alloy heat-resistant steel of the present invention will be described. 
[0064] According to the process for producing a low-alloy heat-resistant steel of the present invention, first, as 

20 described above, a base material is produced by a melting process so as to have a predetermined alloy composition. 
A method for reducing the trace impurities is not particularly limited, and various Icnown refining methods including care- 
ful selection of raw materials can be employed. Then, in the case where a turbine rotor member, for example, is manu- 
factured, an alloy melt with a predetemnined composition is cast by a known method to fomi a steel ingot, which is 
subjected to a predetermined forging/molding process to produce a material for the turtDine rotor member. Then, this 

25 material Is quenched after heating to a temperature between 1000*»C and IIOO^C, preferably between 1030*^0 and 
1 070**C, and is tempered at a temperature between 600**C and 750°C, preferably 650**C and 700**C. If the heating tem- 
perature before quenching is lower than 1000**C, a great amount of soft ferrite phase is precipitated because dissolution 
of the strengthening elements is insufficient, and the strength is not increased, if the heating temperature before 
quenching exceeds 1 1 0O^C, coarse crystal grains are formed, which deteriorates the toughness. If the tempering tem- 

30 perature is lower than 600**C, the tempering is insufficient, and the high-temperature creep strength is deteriorated 
while the desired toughness cannot be obtained. If the tempering temperature exceeds 750°C, the tensile strength and 
the yield strength are deteriorated. The range of the tempering temperature is appropriately chosen such that the 0.2% 
yield strength will be about 63±2 kgf/mm^. There are also no fimitations on the means for quenching and tempering, 
and any known means can be appropriately chosen taking account of the use and size of the material. 

35 

Examples 

[0065] The present invention will be more specifically described with reference to the following examples. 
[0066] In the examples, all test pieces were prepared by a melting process using a 50 kg vacuum high-frequency 
40 furnace, and forging at a heating temperature of 1 200**C. Heat treatments of the test pieces used in the various evalu- 
ation tests were can-ied out by hardening the test pieces under conditions which simulated the central part of an oil- 
quenched rotor having a drum diameter of 1 ,200 mm. and then tempering them at a temperature which had been deter- 
mined so as to give a 0.2% yield strength of about 83±2 kgf/mm^. However, some test pieces did not achieve this target 
yield strength. 

45 

Example 1 

[0067] In Table 1 , chemical compositions of materials tested in Example 1 (Samples Nos. 1 to 6) and of compara- 
tive materials (Samples Nos. 7 to 1 4) are shown. The amounts of pro-eutectoid ferrite phase in each material quenched 
50 after heating to 950°C, 1000**C, and 1050**C were quantified using an image analyzing device, and the results are 
shown in Table 2. In addition, the 0.2% yield strength, the Charpy impact absorbed energy, and the creep rupture time 
at 6D0°C under 15 kgf/mm^ for each material quenched after heating to 1050**C were measured for notched and 
unnotched test pieces, and the results are also shown in Table 2. 

[0068] Each of Samples Nos. 7 to 9 of Comparative Example A exhibited insufficient strength even though the trace 
55 impurity contents were reduced, mainly because the amounts of carbon, silicon, and manganese were inappropriate. 
Each of Samples Nos. 7 and 8 had a large amount of pro-eutectoid ferrite phase, having- reduced hardenability, and 
exhibited an insufficient strength. Sample No. 9 exhibited an inferior toughness. Each of Samples Nos. 10 and 11 of 
Comparative Example B had an insufficient creep strength according to the test using an unnotched test piece even 
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though the trace impurity contents were reduced, since the announts of nickel, chromium, molybdenum, tungsten, vana- 
dium, and the like were inappropriate. Samples Nos. 12 and 13 of Comparative Example C satisfied the desired level 
of the main components of the present invention. Howtsver. since the trace impurity contents were large, the materials 
of Samples Nos. 12 and 13 were brittle, causing creep embrittlement, although they exhibited long rupture times in the 
5 creep tests using the unnotched test pieces. 

[0069] In contrast, in the examples of the present invention, the amounts of pro-eutectoid ferrite phase are reduced 
remarkably in Samples Nos. 1 to 6 which were quenched after heating to 1 000°C, and the yield strength, the toughness, 
and the creep properties of Samples Nos. 1 to 6 were all excellent. In particular, in creep tests using these samples with 
notches which were quenched after heating to 1050**C, the samples did not break even after 12,000 hours, which indi- 
10 cates that creep embrittlement did not occur in these samples. 

Example 2 

[0070] In Table 3, the chemical compositions of the materials tested in Example 2 are shown. Example 2 is based 
IS on the material of Sample No. 2 or 5 in Example 1 , and furthermore in Example 2, cobalt or a trace element such as 
niobium, tantalum, nitrogen, and boron was added to the material of Sample No. 2 or 5, and trace impurities were 
restricted to low levels. In a manner similar to Example 1 . the 0.2% yield strength, the Charpy impact absorbed energy, 
and the creep rupture time at 600**C under 15 kgf/mm^ of each material quenched after heating to 1 050**C were meas- 
ured for notched and unnotched test pieces, and the results are shown in Table 4. 
20 [0071] From the results in Table 4. it is understood that the levels of the 0.2% yield strength and the Charpy impact 
absorbed energy of each material (Samples Nos. 1 5 to 21 ) of Example 2 are about the same as those of the materials 
in Example 1 , but the creep properties were improved, and particularly the creep rupture time in the creep test using 
the unnotched test piece was prolonged greatly. In addition, it is understood that in Example 2 the amounts of pro- 
eutectoid ferrite phase were reduced in the test pieces which were quenched after heating to 1 000**C, and creep embrit- 
25 tiement did not occur in the test pieces which were quenched after heating to 1050**C since the trace Impurities were 
restricted to low levels. 

Example 3 

30 [0072] In Table 5, the chemical compositions of the materials of the present invention tested in Example 3 (Samples 
Nos. 22 and 23) and of comparative materials (Samples Nos. 12 and 24) are shown. In Example 3, the study of trace 
impurities in the material corresponding to a conventional CrMoV steel was carried out. The 0.2% yield strength, the 
Charpy impact absorbed energy, and the creep rupture time at 600^C under 15 kgf/mm^ of each material quenched 
after heating to 950^C, 1000=*C, or 1050°C were measured for notched and unnotched test pieces, and the results are 

35 shown in Table 6. 

[0073] From the results in Table 6. the materials of Example 3 (Samples Nos. 22 and 23) exhibited the strength and 
the toughness at the same level as those of the materials of the Comparative Examples (Samples Nos. 12 and 24) 
when the samples were quenched after heating to 1000°C. However, in Example 3, the high -temperature creep prop- 
erties were greatly improved and the creep properties of the unnotched test pieces were slightly improved, and the 
40 notched test pieces did not break in 12,000 hours in the creep rupture time tests while comparative materials with 
notches broke in 2,000 to 2,500 hours. It is understood that even in a conventional CrMoV steel, creep embrittlement 
can be prevented by restricting the amount of trace impurities to low levels. 

Example 4 

45 

[0074] In Table 7, the chemical compositions of the materials of the present invention tested in Example 4 (Sample 
Nos. 25 and 29) are shown. Example 4 is based on the alloy of Sample No. 23 in Example 3, which showed good 
results, and furthennore in Example 4, cobalt or a trace element such as niobium, tantalum, nitrogen, and boron is 
added to the material of Sample No. 23, and trace impurities are restricted to low levels. 
50 [0075] The 0.2% yield strength, the Charpy impact absorbed energy, and the creep rupture time at 600**C under 1 5 
kgf/mm^ of each material quenched after heating to lOSO^'C were measured for notched and unnotched test pieces, 
and the results are shown in Table 8. 

[0076] From the results shown in Table 8, the rupture times of the unnotched test pieces of the material of the 
present invention (Samples Nos. 25 to 29) in the creep tests are certainly further prolonged in comparison with the alloy 
55 of Sample No. 23. In addition, there was no tendency of reduction in the toughness or embrittlement at the notches. 
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Claims 

1. A low-alloy heat-resistant steel comprising: 

25 carbon In an amount of 0.20 to 0.35% by weight, 

silicon in an amount of 0.005 to 0.35% by weight, 

manganese in an amount of 0.05 to 1 .0% by weight, 

nickel in an amount of 0.05 to 0.3% by weight, 

chromium in an amount of 0.8 to 2.5% by weight, 
3o molybdenum in an amount of 0.1 to 1 .5% by weight, 

tungsten in an amount of 0.1 to 2.5% by weight, 

vanadium in an amount of 0.06 to 0.3% by weight, 

phosphorus in an amount not larger than 0.012% by weight or substantially no phosphorus, 
sulfur in an amount not larger than 0.005% by weight or substantially no sulfur, 

35 copper In an amount not larger than 0.1 0% by weight or substantially no copper, 

aluminum in an amount not larger than 0.01 % by weight or substantially no aluminum, 
arsenic in an amount not larger than 0.01% by weight or substantially no arsenic, 
tin in an amount not larger than 0.01% by weight or substantially no tin, and 
antimony in an amount not larger than 0.003% by weight or substantially no antimony, 

40 the balance being iron and unavoidable impurities. 

2. A low-alloy heat-resistant steel comprising: 

carbon in an amount of 0.20 to 0.35% by weight, 
45 silicon in an amount of 0.005 to 0.35% by weight, 

manganese in an amount of 0.05 to 1 .0% by weight, 

nickel in an amount of 0.05 to 0.3% by weight, 

chromium in an amount of 0.8 to 2.5% by weight, 

molybdenum in an amount of 0.1 to 1 .5% by weight, 
so tungsten in an amount of 0.1 to 2.5% by weight, 

vanadium in an amount of 0.05 to 0.3% by weight, 

cobait in an amount of 0. 1 to 3.5% by weight, 

phosphorus in an amount not larger than 0.012% by weight or substantially no phosphorus, 
sulfur in an amount not larger than 0.005% by weight or substantially no sulfur, 
55 copper in an amount not larger than 0.1 0% by weight or substantially no copper, 

aluminum in an amount not larger than 0.01% by weight or substantially no aluminum, 
arsenic in an amount not larger than 0.01% by weight or substantially no arsenic, 
tin in an amount not larger than 0.01% by weight or substantially no tin, and 
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antimony in an amount not larger than 0.003% by weight or substantially no antimony, 
the balance being iron and unavoidable impurities. 

A low-alloy heat-resistant steel comprising: 

carbon in an amount of 0.20 to 0.35% by weight, 
silicon In an amount of 0.005 to 0.35% by weight, 
manganese in an amount of 0.05 to 1 .0% by weight, 
nickel in an amount of 0.05 to 0.3% by weight, 
chromium in an amount of 0.8 to 2.5% by weight, 
molybdenum in an amount of 0.1 to 1 .5% by weight, 
tungsten in an amount of 0.1 to 2.5% by weight, 
vanadium in an amount of 0.05 to 0,3% by weight, 

at least one of niobium in an amount of 0.01 to 0.15% by weight, tantalum in an amount of 0.01 to 0.15% by 
weight, nitrogen in an amount of 0.001 to 0.05% by weight, and boron in an amount of 0.001 to 0.015% by 
weight, 

phosphorus in an amount not larger than 0.012% by weight or substantially no phosphorus, 
sulfur in an amount not larger than 0.005% by weight or substantially no sulfur, 
copper in an amount not larger than 0.1 0% by weight or substantially no copper, 
aluminum in an amount not larger than 0.01% by weight or substantially no aluminum, 
arsenic in an amount not larger than 0.01% by weight or substantially no arsenic, 
tin in an amount not larger than 0.01% by weight or substantially no tin, and 
antimony in an amount not larger than 0.003% by weight or substantially no antimony, 
the balance being iron and unavoidable impurities. 

A low-alloy heat-resistant steel comprising: 

carbon in an amount of 0.20 to 0.35% by weight, 
silicon in an amount of 0.005 to 0.35% by weight, 
manganese in an amount of 0.05 to 1 .0% by weight, 
nickel in an amount of 0.05 to 0.3% by weight, 
chromium in an amount of 0.8 to 2.5% by weight, 
molybdenum in an amount of 0.1 to 1 .5% by weight, 
tungsten in an amount of 0.1 to 2.5% by weight, 
vanadium in an amount of 0.05 to 0.3% by weight, 
cobalt in an amount of 0.1 to 3.5% by weight, 

at least one of niobium in an amount of 0.01 to 0.15% by weight, tantalum in an amount of 0.01 to 0.15% by 
weight, nitrogen in an amount of 0.001 to 0.05% by weight, and boron in an amount of 0.001 to 0.015% by 
weight. 

phosphorus in an amount not larger than 0.012% by weight or substantially no phosphoms, 
sulfur in an amount not larger than 0.005% by weight or substantially no sulfur, 
copper in an amount not larger than 0.1 0% by weight or substantially no copper, 
aluminum in an amount not larger than 0.01% by weight or substantially no aluminum, 
arsenk: in an amount not larger than 0.01% by weight or substantially no arsenic, 
tin in an amount not larger than 0.01% by weight or substantially no tin, and 
antimony in an amount not larger than 0.003% by weight or substantially no antimony, 
the balance being iron and unavoidable impurities. 

A low-alloy heat-resistant steel comprising: 

carbon in an amount of 0.20 to 0,40% by weight, 
silicon in an amount of 0.005 to 0.40% by weight, 
manganese In an amount of 0.05 to 1 .0% by weight, 
nickel In an amount of 0.05 to 0.6% by weight, 
chromium in an amount of 0.8 to 1 .6% by weight, 
molybdenum in an amount of 0.5 to 1 .5% by weight, 
vanadium in an amount of 0.1 to 0.3% by weight, 

phosphorus in an amount not larger than 0.012% by weight or substantially no phosphorus. 
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sulfur in an amount not larger than 0.005% by weight or substantially no sulfur, 
copper in an amount not larger than 0.10% by weight or substantially no copper, 
aluminum in an amount not larger than 0.01% by weight or substantially no aluminum, 
arsenic in an amount not larger than 0.01% by weight or substantially no arsenic, 
tin in an amount not larger than 0.01% by weight or substantially no tin, and 
antimony in an amount not larger than 0.003% by weight or substantially no antimony, 
the balance being iron and unavoidable impurities. 

A low>alloy heat-resistant steel comprising: 

carbon in an amount of 0.20 to 0.40% by weight, 
silicon in an amount of 0.005 to 0.40% by weight, 
manganese in an amount of 0.05 to 1 .0% by weight, 
nickel in an amount of 0.05 to 0.6% by weight, 
chromium in an amount of 0.8 to 1 .5% by weight, 
molybdenum in an amount of 0.5 to 1 .5% by weight, 
vanadium in an amount of 0.1 to 0.3% by weight, 
cobalt in an amount of 0.1 to 3.5% by weight, 

phosphorus in an amount not larger than 0.012% by weight or substantially no phosphorus, 
sulfur in an amount not larger than 0.005% by weight or substantially no sulfur, 
copper in an amount not larger than 0.10% by weight or substantially no copper, 
aluminum in an amount not larger than 0.01% by weight or substantially no aluminum, 
arsenic in an amount not larger than 0.01% by weight or substantially no arsenic, 
tin in an amount not larger than 0.01% by weight or substantially no tin, and 
antimony in an amount not larger than 0.003% by weight or substantially no antimony, 
the balance being iron and unavoidable impurities. 

A iow-alloy heat-resistant steel comprising: 

carbon in an amount of 0.20 to 0.40% by weight, 
silicon in an amount of 0.005 to 0.40% by weight, 
manganese in an amount of 0.05 to 1 .0% by weight, 
nickel in an amount of 0.05 to 0.6% by weight, 
chromium in an amount of 0.8 to 1 .5% by weight, 
molybdenum in an amount of 0.5 to 1 .5% by weight, 
vanadium in an amount of 0.1 to 0.3% by weight, 

at least one of niobium in an amount of 0.01 to 0.15% by weight, tantalum in an amount of 0.01 to 0.15% by 
weight, nitrogen in an amount of 0.001 to 0.05% by weight, and boron in an amount of 0.001 to 0.015% by 
weight, 

phosphorus in an amount not larger than 0.012% by weight or substantially no phosphorus, 
sulfur in an amount not larger than 0.005% by weight or substantially no sulfur, 
copper in an amount not larger than 0.10% by weight or substantially no copper, 
aluminum in an amount not larger than 0.01% by weight or substantially no aluminum, 
arsenic in an amount not larger than 0.01% by weight or substantially no arsenic, 
tin in an amount not larger than 0.01% by weight or substantially no tin, and 
antimony in an amount not larger than 0.003% by weight or substantially no antimony, 
the balance being iron and unavoidable impurities. 

A low-alloy heat-resistant steel comprising: 

cartDon in an amount of 0.20 to 0.40% by weight, 
silicon in an amount of 0.005 to 0.40% by weight, 
manganese in an amount of 0.05 to 1 .0% by weight, 
nickel in an amount of 0.05 to 0.6% by weight, 
chromium in an amount of 0.8 to 1 .5% by weight, 
molybdenum in an amount of 0.5 to 1 .5% by weight, 
vanadium in an amount of 0.1 to 0.3% by weight, 
cobalt in an amount of 0.1 to 3.5% by weight 
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at least one of niobium in an amount of 0.01 to 0.15% by weight, tantalum in an amount of 0.01 to 0.15% by 
weight, nitrogen in an amount of 0.001 to 0.05% by weight, and boron in an amount of 0.001 to 0.015% by 
weight, 

phosphorus in an amount not larger than 0.012% by weight or substantially no phosphorus, 

5 sulfur in an amount not larger than 0.005% by weight or substantially no sulfur, 

copper in an amount not larger than 0.1 0% by weight or substantially no copper, 
aluminum in an amount not larger than 0.01% by weight or substantially no aluminum, 
arsenic in an amount not larger than 0.01% by weight or substantially no arsen'tc, 
tin in an amount not larger than 0.01% by weight or substantially no tin, and 

10 antimony in an amount not larger than 0.003% by weight or substantially no antimony, 

the balance being iron and unavoidable impurities. 



9. A low-alloy heat-resistant steel according to any one of claims 1 to 8, wherein the amount of pro-eutectoid ferrite 
phase is not larger than 1 0% by volume. 

15 

10. A process for producing a low-alloy heat-resistant steel, the process comprising the step of: 



forging and molding an ingot having components as in any one of claims 1 to 9, 
quenching the ingot after it is heated to 1000*^0 or higher, and 
20 tempering the ingot at a temperature of 600 to 750**C. 

11 . A turbine rotor comprising a low-alloy heat-resistant steel as in any one of claims 1 to 9. 

12. A turbine rotor comprising a low-alloy heat-resistant steel produced by the process as in claim 10. 
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